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1. In t roduc t ion  
For t h e  de te rmina t ion  of k i n e t i c  r e a c t o r  physics  parameters,  such a s  
t h e  prompt neutron decay cons tan t  a ,  t h e  neutron gene ra t i on  t i m e  and r e l a t e d  
q u a n t i t i e s ,  d i f f e r e n t  experimental methods can be appl ied.  The pulsed neutron 
source  technique and t h e  a n a l y s i s  of s t a t i s t i c a l  phenomena due t o  branching 
processes  i n  neutron cha ins  wi th in  t h e  r e a c t o r  a r e  t h e  most powerful t o o l s  f o r  
t h e s e  i nves t i ga t ions .  I t  was t h e r e f o r e  decided e a r l y  t o  look i n t o  both poss i -  
b i l i t i e s  i n  o rde r  t o  have the  b e s t  approach f o r  t h e  de te rmina t ion  of r e a c t o r  
parameters,  p a r t i c u l a r l y  i n  t h e  F a s t  Zero Power Assembly SNEAK and t h e  F a s t  Ther- 
mal Argonaut Reactor STARK. The main purpose of t h e  experiments repor ted  i n  
t h i s  paper was t o  o b t a i n  a comparison of r e s u l t s  which were measured undeq ex- 
a c t l y  t h e  Same loading  and r e a c t i v i t y  condi t ions  i n  STARK f i r s t  by t h e  pulsed 
neutron source  technique and then  by t h r e e  d i f f e r e n t  s t a t i s t i c a l  methods, i.e., 
t h e  Rossi-a-experiment, t h e  a n a l y s i s  of count ing s t a t i s t i c s ,  and t h e  frequency 
a n a l y s i s  of noise .  Although t h e  r e s u l t s  a r e  s p e c i f i c  f o r  t h i s  p a r t i c u l a r  reac-  
t o r  system, t h e  comparison should g ive  some i n s i g h t  i n t o  t h e  genera l  problems 
and l i m i t a t i o n s  of t h e  d i f f e r e n t  techniques , 
+ The work was performed w i t h i n  t h e  frame of t h e  F a s t  Breeder Project-Associ- 
a t i o n  Karlsruhe-Euratom 
2. Descr ip t ion  of t h e  system 
The STARK-reactor was designed a s  a coupled fas t - thermal  zero-power 
r e a c t o r ,  A d e t a i l e d  d e s c r i p t i o n  of t h e  assembly and a d i s cus s ion  of i ts sa fe -  
t y  f e a t u r e s  have been given previously [ I ]  . 
Bas ica l ly ,  t h e  r e a c t o r  c o n s i s t s  of a c y l i n d r i c a l  f a s t  c o r e  (37 cm 
average diameter ,  61 cm he ight )  which is surrounded by an annular  Argonaut- 
type  thermal d r i v e r  Zone and a l a r g e  g raph i t e  r e f l e c t o r . ,  A s  shown i n  f i g .1 ,  
t h e  f a s t  co re  is an  a r r a y  of 37 v e r t i c a l  s t a i n l e s s  eteel matr ix  tubes f i l l e d  
wi th  t h e  core  mater ia l8  t o  be inves t iga ted .  The f a s t  c o r e  is enclosed i n  a na- 
t u r a l  uranium buf f e r  Zone of 5 c m  average th ickness  t o  absorb thermal neutrons 
i nc iden t  from t h e  ou ts ide .  
The presen t  i nves t i ga t ions  were c a r r i e d  ou t  on t h e  f i r s t  loading of 
STARK i n  which the  c e n t r a l  Zone was f i l l e d  with na tu ra l  uranium metal.  The 
thermal Zone contained 364 Argonaut f u e l  p l a t e s  ( ~ ~ ~ ~ - c o n t e n t  = 7.58 kg) a r -  
ranged i n  24 groups with a p l a t e  spacing of 6.2 m. The moderater was l i g h t  
0 - water  a t  79 C. 
According t o  f i s s i o n  chamber t r a v e r s e s ,  only about 1% of t h e  r e a c t o r  
power is produced by f a s t  f i s s i o n s  i n  t h e  n a t u r a l  uranium Zone s o  t h a t  t h e  reac-  
t o r  can be considered e s s e n t i a l l y  a s  a thermal system. Actua l ly ,  t h e  c e n t r a l  
Zone causes  a s t r o n g  decoupling of oppos i te  por t ions  of t h e  annular  thermal 
core .  
The c o n t r o l  system of t h e  r e a c t o r  c o n s i s t s  of 12  cadmium-plate c o n t r o l  
u n i t s  of equal s i z e ,  evenly d i s t r i b u t e d  around t h e  thermal core .  Three of 
them (R1, R 2 ,  and R a r e  normally used a s  f i n e  con t ro l  p l a t e s ,  t h e  o t h e r s  a s  3 
s a f e t y  p l a t e s  ( f ig .1) .  For t he se  experiments, however, t h e  p l a t e  s~~ was used 
t o  a d j u s t  c r i t i c a l i t y  wi th  a l l  o the r  p l a t e s  f u l l y  withdrawn. Hence, var ious  
s u b c r i t i c a l  s t a t e s  ( f ig .1)  were obtained by i n s e r t i n g  groups of c o n t r o l  p l a t e s  
while  s~~ was kept  i n  its o r i g i n a l  pos i t ion .  
The l o c a t i o n  of t h e  neutron d e t e c t o r s  (Bi? -counters ,  boron chambers, 
3 
arid a ~ ~ ~ ~ - f i s s i o n  chamber) used f o r  t h e  var ious experiments is a l s o  shown i n  
f i g .1 .  S ince  t h e  f l u x  d i s t r i b u t i o n  i n  t h e  annular  c o r e  was known t o  be very 
s e n s i t i v e  t o  smal l  loading changes, t h e  d e t e c t o r s  were always kept  i n  t h e i r  po- 
s i t i o n s  and no changes were made from one experiment t o  t h e  o the r .  
S c h e m a t i c  Cross s e c t i o n  o f  STARK w i t h  d e t e c t o r  p o s i t i o n s  
a  - f a s t  c o r e ,  b - n a t u r a l  urnnium c a s i n g ,  C - g r a p h i t e  r e g i o n  
d - t he rma l  Argonaut  c o r e ,  e - g r a p h i t e  r e f l e c t o r  
R - f i n e  c o n t r o l  p l a t e s ,  S - s a f e t y  p l a t e s ,  T - s a f e t y  rod  of f a s t  c o r e  
e' a n d B F 3 - p r o p o r t i o n a l  C o u n t e r s ,  O ~ ~ 2 3 5 - f i s s i o n  chamber 
10 ( B y-compensated i o n i s a t i o n  chamber 
D e s c r i p t i o n  of r e a c t o r  configurationsinvestigated 
Conf. P o s i t i o n  of  c o n t r o l  Conf . P o s i t i o n  of  c o n t r o l  
NO. and s a f e t y  p l a t e s  - No. P and s a f e t y  p l a t e s  
1 d e l a y e d  c r i  t i c a l  V I R. i n  I) 1 > 
I I R a  on  35 cm V 1  I 3 S I ,  R 2 ,  and s~~ i n  1) 
I I I R Z  on 20 cm I1 V111 R l ,  R2, and R g  i n  
I V R 2  i n  I X a l l  S I  and S 2  i n  
V ~1 i n  X a l l  p l a t e s  i n  
P l a t e  p o s i t i o n s  g o  f rom 0 ( i n )  t o  47 cm ( o u t ) .  
A l l  o t h e r  p l a t e s  o u t  e x c e p t  s~~ which is i n  c r i t i c a l  pos.  30.7 Cm. 
3. Pulsed source  experiments 
3.1 Methods 
Three d i f f e r e n t  eva lua t ion  techniques have been descr ibed i n  t h e  lit- 
e r a t u r e  t o  determine r e a c t i v i t y  p and prompt-neutron genera t ion  t i m e  A of a 
mul t ip ly ing  system from a pulsed source  experiment. A l l  of them a r e  based on 
t h e  observa t ion  of t h e  neutron d e a s i t y  n ( t )  a s  a func t ion  of time r e s u l t i n g  
from t h e  i n j e c t i o n  of a per iod ic  sequence of neutron burs t s .  A s  is w e l l  known, 
n ( t )  is composed of an  exponent ia l  decay of t h e  prompt e igenfunc t ion ,  n p ( t ) ,  
followed by a slowly varying delayed neutron p a r t  nd(t)  which is usua l ly  as-  
sumed t o  be time-independent, nd(t)  nd(o) wi th in  a cyc l e  (o  < t  < T). Thus, 
f o r  t h e  fundamental mode one has  
(1) The f irst method [2] makes use of t h e  prompt p a r t  on ly ,  n ( t )  , f rom 
P 
which t h e  prompt-neutron decay cons tan t  
is derived.  Hence, t h e  r e a c t i v i t y  p /ß  can be determined, e i t h e r  us ing  calcu- 
l a t e d  va lues  of h and 8 ,  o r  t h e  decay cons tan t  a = ß/Ac measured a t  delayed 
C 
c r i t i c a l  and assuming A t o  be independent of p : 
(2) S jös t rand  [3] and Gozani [4] have s h a n  t h a t  f o r  an unref l e c t e d  
s y s  t e m  - 
ß = n / i i  
P d  (3.4) - - 
where n n a r e  t h e  time-averaged q u a n t i t i e s  n ( t )  and nd ( t ) .  Combining 
P' d P 
eqs. (3.2) and (3.4) one f inds 
from which t h e  genera t ion  timen can be der ived.  
(3) The t h i r d  method developed by G a r e l i s  and Russeli  [ S  - 71 allows one 
to determine y = ß/h f rom n ( t )  and nd( t )  us ing  t h e  egua t ion  
P 
(T = c y c l e  length)  which has been der ived from a one-group model f o r  an unre- 
f l e c t e d  system. E9 (3.6) is a l s o  v a l i d  f o r  mixtures of eigenf unct ions i f  h is 
independent of P 
Method (3) w a s  o r i g i n a l l y  der ived  f o r  a  cons tan t  delayed-neutron 
dens i ty ,  nd ( t )  = const .  For measurements on thermal systems c l o s e  t o  delayed 
c r i t i c a l ,  however, t h e  v a r i a t i o n  of n d ( t ) ,  which is caused by t h e  build-up of 
precursors  dur ing  t h e  decay of n  ( t ) ,  becomes important and t h e  ques t ion  a r i s -  
P 
es how t o  s p l i t  n ( t )  i n t o  prompt and delayed pa r t s .  W e  d e f i n e  n ( t )  and nd ( t )  
P 
i n  accordance wi th  t h e  usua l  space-independent k i n e t i c  equat ions [8]  by 
Eq.(3.4) is va l id  only with t h i s  def i n i t i o n  of n  and n Th i s  can be shown by 
P d ' 
i n t e g r a t i n g  eq.(3.7) over a  cyc l e  (o < t < T) .  Also eq.(3.6) holds as a conse- 
quence of e q ~ ~ ( 3 . 2 )  and (3.4). 
For  t h e  eva lua t ion  of t h e  experimental decay curves,  with p < O ,  an 
approximate expression f o r  nd( t )  has been der ived  by an i t e r a t i o n  process,  
-at S t a r t i n g w i t h n ( t )  = n  (0) e  + b a s  a f i r s t  guess a n d u s i n g  
P 
j . ( t ? )  e-Ai(t-tt) d t ?  , Ci( t )  = - 
A - 0 0  
which fol lows from eq.(3.7),  we f i n a l l y  a r r i v e  a t  - 
and - 6 
P h 0 T ] ,  h =  2 B X / ß .  
i=1 i i (3.10) 
These a r e  v a l i d  f o r  Xi«a and hiTQ1. These equat ions allow the  c a l c u l a t i o n  of 
n  ( t )  and nd from t h e  value nd(T) = nd(o) ,  which 1s measured by t h e  background 
d 
channel of t h e  time analyser .  
3.2 Experiments 
A number of systems with d i f f e r e n t  con t ro l  p l a t e  conf igura t ions  ( f i g . l ) ,  
ranging i n  r e a c t i v i t y  from delayed c r i t i c a l  down t o  -8 $ s u b c r i t i c a l ,  have been 
inves t iga t ed  by t h e  pulsed source technique using t h e  t h r e e  d i f f e r e n t  evalua- 
t i o n  techniques ou t l i ned  i n  s e c t i o n  3.1. 
A compact 100 kev deuteron a c c e l e r a t o r  wi th  duoplasmatron ion- 
source  [9 ]  was used a s  a  pulsed neutron generator .  The u n i t  was f e d  through 
t h e  c e n t r a l  ho l e  of t h e  t o p  s h i e l d  of t h e  r e a c t o r  s o  t h a t  t h e  t r i t i u m  t a r g e t  
was l oca t ed  on t o p  of t h e  na tu ra l  uranium zone. BF -counters a s  neutron de- 3  
t e c t o r s  were placed i n  t h r e e  d i f f e r e n t  r a d i a l  pos i t i ons  (fig.1):  i n  t h e  graph- 
i t e  wedge between t h e  f u e l  p l a t e s  of t h e  thermal c o r e  (Pos.l2),  i n  t h e  g r a p h i t e  
r e f l e c t o r    POS.^), and i n  t h e  a i r  gap between c o r e  and r e f l e c t o r  (Pos.24). 
The decay of t h e  neutron i n t e n s i t y  n ( t )  fol lowing each neutron b u r s t  
( pu l se  width 10 o r  20 usec) was measured wi th  a  256-channel ana lyser  (TMC, 
/ 
Model CN-110) wi th  pulsed neutron input  un i t .  The pulsed source  was synchro- 
nized wi th  t h e  ana lyser  i n  such a  way t h a t  t h e  f i r s t  channel opened a t  t h e  t i m e  
when t h e  neutron bu r s t  was i n j ec t ed .  The r e p e t i t i o n  r a t e  f  = 1/T of t h e  source  
was chosen low enough t h a t  t he  con t r ibu t ion  of prompt neutrons t o  t h e  back- 
ground d a t a ,  which were taken a t  t h e  very end of each cycle,was neg l ig ib ly  
small .  
A l l  measurements on s u b c r i t i c a l  systems were done under s t a t i ona ry -  
- s t a t e  condi t ions .  In  order  t o  s a t u r a t e  t h e  delayed neutron d e n s i t y  n d ( t ) ,  t h e  
pulsed source  was kept  i n  opera t ion  a t  cons tan t  i n t e n s i t y  f o r  5 t o  10 min be- 
f o r e  a c t u a l  d a t a  were taken. The background d a t a  conta ined , in  add i t i on  t o  t h e  
delayed neutrons,  t h e  e f f e c t  of t h e  spontaneous f i s s i o n  sources  i n  t h e  na tu ra l  
uranium. This  e f f e c t  was determined i n  a s e p a r a t e  run  without pulsed source  
and sub t r ac t ed .  
For an eva lua t ion  of t h e  prompt-neutron decay n ( t ) ,  t h e  slowly vary- 
P 
i n g  delayed p a r t  n  ( t )  was sub t r ac t ed  from t h e  da t a .  A s  a  f i r s t  approximation d 
n (t) was assumed t o  be a  time-independent background given by t h e  neutron in- 
d  
t e n s i t y  a t  t h e  end of t h e  cyc l e ,  nd(t)  = n(T). Th i s  t reatment  was adequate 
f o r  a l l  s u b c r i t i c a l  measurements below -0.5 $. For t h e  measurements c l o s e r  t o  
delayed c r i t i c a l  t h e  delayed neutron build-up dur ing  t h e  decay of t h e  prompt 
p a r t  given by eq.(3.9) was taken i n t o  account: 
n ( t )  - nd(o) "Cx [ t 
n ( t )  = 
P , F(a,T) = 2 (1- - )  eat- ( l + a t ) ]  (3.11) 1 + F (a, t )  a T 
Fig.2 shows t h e  e f f e c t  of t h i s  second-order c o r r e c t i o n  on t h e  prompt- 
-neutron decay curve a t  delayed c r i t i c a l .  The decay cons tan t  was obtained by 
f i t t i n g  an exponent ia l  func t ion  eeat t o  t h e  l a t e r  p a r t  of t h e  curve n ( t ) ,  
P 
where c o n t r i b u t i o n s  of higher  modes a r e  neg l ig ib l e .  The a-values found i n  t h e  
t h r e e  d e t e c t o r  pos i t i ons  a r e  l i s t e d  i n t a b l e  I. 

The r a t i o  of t h e  average prompt and delayed neu t ron  i n t e n s i t i e s ,  - 
n /G was a l s o  d e r i v e d  f  rom t h e  decay curves .  The q u a n t i t y  n was found by 
P d '  P 
e x t r a p o l a t i n g  t h e  fundamental  mode decay back t o  t = o ,  assuming Zero slowing- 
= n p ( t  
- 
-down t i m e .  From t h e  e x t r a p o l a t e d  v a l u e  no = o) one f i n a s  n  = n /a .  P 0 
The de layed  neutron p a r t  nd was ob ta ined  from t h e  neu t ron  i n t e n s i t y  a t  t h e  end 
of t h e  c y c l e ,  .(T) = nd(T), u s i n g  eq.(3.10). C o n t r i b u t i o n s  of h i g h e r  modes 
t o  n which a r e  expected t o  be  small near  delayed c r i t i c a l ,  cannot  be e l i m i -  
d  ' 
minated wi th  t h i s  technique.  
F i n a l l y ,  t h e  q u a n t i t y  Y = ß/Awas determined by t h e  method of G a r e l i s  
and Russe l l , eq . (3 .6 ) .  A F o r t r a n  code was w r i t t e n  t o  e v a l u a t e  t h e  i n t e g r a l  of 
t h e  l e f t  hand s i d e  i n  eq.(3.6) as a  f u n c t i o n  of from t h e  exper imental  d a t a  
n  ( t )  and n d ( t ) ,  and t h e  q u a n t i t y  y = ß/h was sought  f o r  which eq.  (3.6) i s  f u l -  
P  
f  i l l e d .  
For  measurements of t h e  prompt-neutron decay a t  delayed c r i t i c a l ,  t h e  
f o l l o w i n g  procedure was adopted t o  keep t h e  delayed neutron background a t  a  
r easonab ly  low l e v e l  ( ~ 0 . 3  np(o) ) :  S t a r t i n g  from a  r e a c t o r  power of 
- 1 
=1 mWatt a  sequence of on ly  150 s o u r c e  p u l s e s  was i n j e c t e d  ( f  = 2 t o  5 s e c  ) 
d u r i n g  which t h e  delayed neutron i n t e n s i t y  r o s e  i n  a s t e p w i s e  manner. A f t e r -  
wards,  t h e  r e a c t o r  power was brought down a g a i n  t o  1 mWatt by i n s e r t i n g  a  con- 
t r o l  p l a t e ,  and t h e  procedure was repea ted  s e v e r a l  t i m e s  t o  g e t  a  good s t a t i s -  
t i c a l  accuracy,  
C o r r e c t i o n s  f o r  t h e  delayed neu t ron  bui ld-up were made on t h e  b a s i s  
of eq.(3.11) but  us ing  a  somewhat d i f f e r e n t  c o r r e c t i o n  f a c t o r  f o r  t h e  non-sta- 
t i o n a r y  c a s e  ( c f . f i g . 2 ) :  
F o r  most c a s e s  t h e  c o n s t a n t  b ,  which is a  f u n c t i o n  of c y c l e  l e n g t h  T ,  number of 
b u r s t s  i n j e c t e d ,  and t h e  s t r e n g t h  of i n t e r n a l  s o u r c e s ,  was found by a  f i t  t o  
t h e  background d a t a  t o  be Zero w i t h i n  exper imental  e r r o r .  
3.3 R e s u l t s  
Tab.1 g i v e s  t h e  exper imental  r e s u l t s  f o r  t h e  decay c o n s t a n t  a and t h e  
r a t i o  n /n The q u a n t i t y  y = 131'' a s  ob ta ined  from eq.(3.6) by t h e  method of 
P  d '  
G a r e l i S  and R u s s e l l f o r  t h e  v a r i o u s  c o n t r o l  p l a t e  c o n f i g u r a t i o n s  is given i n  
t a b l e  11. 


The a-values found wi th  t h e  t h r e e  d e t e c t o r  p o s i t i o n s  a r e  i n  good 
agreement, showing t h a t  t h e  e f f e c t s  of h ighe r  modes have been proper ly  elimi- 
-1 
nated. From t h e  decay cons t an t  a = ß/Ac = 62.9 + 1.5 s e c  and t h e  ca lcu la -  
C - 
t e d  va lue  ß = 0.00749, a genera t ion  t i m e  Ac = 1.19 loW4 sec was f ound a t  de- 
layed c r i t i c a l .  
The r e a c t i v i t y  p /ß  of t h e  var ious  conf igura t ions  was der ived  from a 
on t h e  b a s i s  of eq. (3.2) assuming a genera t ion  t i m e  A = A independent of P.  
C 
Tab.1 compares t h i s  va lue  -P/ß = a/acdl with t h e  r e a c t i v i t y  -(P/Ns found by 
11 rod-drop" and "continuous-run" techniquas L101 where t h e  v a r i a t i o n  of neut ron  
i n t e n s i t y  n ( t )  r e s u l t i n g  from a s tepwise  o r  contiinwxis i n s e r t i o n  of c o n t r o l  
p l a t e s  i n t o  t h e  c r i t i c a l  r e a c t o r  was measured wi th  a boron chamber and analysed 
by a d i g i t a l  code which c a l c u l a t e s  p / ß  a s  a func t ion  of t i m e ,  i.e. of c o n t r o l  
p l a t e  pos i t i on .  The change i n  neutron f l u x  observed i n  t h e s e  methods is r e l a -  
t i v e l y  slow, s o  t h a t  is expected t o  be c l o s e  t o  t h e  s t a t i c  r e a c t i v i t y .  
Except f o r  t h e  f a r  s u b c r i t i c a l  Systems (P/ß L -2 $) where e f f  ects of l o c a l  
c o n t r o l  p l a t e  shadowing may be p re sen t ,  t h e  (P/ß)s-values were expected t o  be 
very r e l i a b l e .  The pulsed source  va lues  -P/ß = d a  -1 a r e  found t o  be somewhat 
C 
lower t han  even near  delayed c r i t i c a l ,  which might i n d i c a t e  t h a t  A in- 
c reases  s l i g h t l y  wi th  -P/ß r a t h e r  than  being a cons tan t .  
A comparison was a l s o  made f o r  n /E t h e  r a t i o  of prompt and delayed 
P d '  
neutron i n t e n s i t i e s  which would equal  -P/ß, according t o  eq.(3.4),  i f  t h e  po in t  
r e a c t o r  model were appl icab le .  A s  a mat te r  of f a c t ,  n /G turned out  t o  be 
P d 
s t r o n g l y  dependent on t h e  d e t e c t o r  pos i t i on .  That is ,  f o r  each con f igu ra t i on  
t h e  r a t i o  n /G inc reases  a s  one proceeds with t h e  d e t e c t o r  from t h e  c o r e  t o  t h e  
P d 
r e f l e c t o r .  
Th i s  space-dependence of /n is a d i r e c t  consequence of t h e  d i f f  er- 
P d 
e n t  shapes of t h e  s t a t i c  and t h e  dynamic e igenfunc t ions ,  i.e. t h e  non-separa- 
b i l i t y  of t i m e  and space v a r i a b l e s ,  and shows t h e  breakdown of t h e  space-inde- 
pendent model f o r  Systeme wi th  l a r g e  r e f l e c t o r s .  
-1 
A s i m i l a r  behaviour is found f o r  t h e  q u a n t i t y  ß/A = a (1 + 2 /; ) 
P d 
which was der ived  from t h e  experimental  va lues  a and /n . Tab. I1 g ives  a 
P d 
comparison of t h i s  q u a n t i t y  wi th  t h e  va lue  = ß/Afound by t h e  method of 
G a r e l i s  and Russel l ,eq.(3.6) .  Except f o r  minor dev ia t i ons  due t o  t h e  (posi-  
t i v e )  con t r ibu t ion  of h igher  modes t o  both methods g ive  t h e  Same dependence 
d ' 
of ß/h on t h e  d e t e c t o r  pos i t i on .  For  p / ß  - o t h e  B/!-values approach a = ß/AC C 
as expected (f i g .  3) . 
-Y v~,a/~~-l for different detector positions (cf .f ig.1) 
Fig. 4 
aIY-1 vs. aJacl for different detector positions (cf .f ig.1) 
The q u a n t i t y  a / y  - 1, which would be equa l  t o  -P/ß f o r  t h e  po in t  re- 
a c t o r  model, is shown i n  f i g . 4  as a func t ion  of d a c  - 1. Deviat ions i n  a/y-1 
f o r  t h e  var ious  d e t e c t o r  pos i t i ons  a r e  i nc reas ing  with a/aC- 1 up t o  va lues  a s  
h igh  a s  50% a t  -8 g .  
The queot ion a r i s e s  whether d e t e c t o r  and sou rce  p o s i t i o n s  can be  
found i n  a r e f l e c t e d  system such t h a t  t h e  k i n e t i c  behaviour of n ( t )  corresponds 
t o  t h a t  of a po in t  r eac to r .  Th i s  ques t ion  can only  be  answered, a p r i o r i , b y  
d e t a i l e d  c a l c u l a t i o n s  of t h e  s t a t i c  and dynamic e igenfunc t ions  f o r  a p a r t i c u l a r  
system. However, it can be shown from r e a c t o r  theory  t h a t  eq.(3.4) remains 
v a l i d  f o r  r e f l e c t e d  systems f o r  a d e t e c t o r  d i s t r i b u t i o n  propor t iona l  t o  
+ + 
VCf ns , where n is t h e  a d j o i n t  d e n s i t y  of t h e  s t a t i c  problem. s 
These i n v e s t i g a t i o n s  have shown t h a t  t h e  methods based on t h e  point-  
r e a c t o r  model t o  determine p / ß  from t h e  prompt and delayed neutron i n t e n s i t i e s  
a r e  of l i t t l e  use f o r  systems l i k e  STARK with  a small  c o r e  and a l a r g e  g r a p h i t e  
r e f l e c t o r .  On t h e  o t h e r  hand, no s e r i o u s  problems were encountered i n  measur- 
i n g  t h e  prompt-neutron decay i n  such systems by t h e  pulsed neutron technique. 
The r e s u l t s  found from t h e  pulsed source  experiments a r e  compared t o  
t hose  of t h e  o t h e r  methods i n  t a b l e  V I .  
4. S t a t i s  t i c a l  experiments 
Information on r e a c t o r  parameters which d e s c r i b e  t h e  neut ronic  be- 
haviour  of a Zero power r e a c t o r  can be gained from a d e t a i l e d  a n a l y s i s  of t h e  
s t a t i s t i c a l  f l u c t u a t i o n s  i n  d e t e c t o r  s i g n a l s .  The common b a s i s  of a l l  t h e s e  
experiments is t h e  observat ion of c o r r e l a t e d  r e a c t i o n  processes  due t o  branch- 
i ng  events  occurring i n  neutron chain r e a c t i n g  systems. A number of Papers have 
been publ ished [I1 - 221 i n  which d i f f e r e n t  t h e o r e c t i c a l  models and techniques 
of ana lys ing  t h e  f l u c t u a t i n g  s i g n a l s  a r e  d i scussed .  Recently a common theore-  
t i c a l  b a s i s  has  been developed f o r  neut ronic  no ise  a n a l y s i s  experiments (231  
from which t h e  fundamental equa t ions  f o r  t h e  experiments descr ibed  i n  t h e  follow- 
i n g  s e c t i o n s  have been der ived.  
I n  t h i s  experiment c o r r e l a t e d  d e t e c t o r  events  due t o  neutrons from 
t h e  same cha ins  a r e  d i r e c t l y  observed i n  a s t a t i o n a r y  r eac to r .  
I n  t h e  po in t  r e a c t o r  model approximation t h e  fundamental equa t ion  t o  
c a l c u l a t e  t h e  c o r r e l a t i o n  func t ion  f o r  a Rossi-a-experiment performed with two 
abso rp t ion  d e t e c t o r s  is given by 
1 - k  1 - k ( 1 - B )  
a - P - 1  1 = prompt neutron decay cons tan t  
X2 k2  A X2 "c2 = W 2 -  - 
2 a 1  
2 ä 
B2 
= W2 F = counting r a t e  i n  d e t e c t o r  channel 2 (4.1.2) 
c(t)A1;= expected number of counts from d e t e c t o r  channel 2 i n  a t i m e  
i n t e r v a l  A t  around a t i m e T  fol lowing a t r i g g e r  pu l se  from 
d e t e c t o r  channel 1 a t  'i; = 0 ( c r o s s c o r r e l a t i o n  experiment) 
F = f i s s i o n  r a t e  i n  t h e  whole system 
k = e f f e c t i v e  mu l t i p l i ca t i on  cons tan t  
k = prompt neutron mu l t i p l i ca t i on  cons tan t  
P 
1 = prompt neutron l i f e t i m e  
W2 
= d e t e c t o r  e f f i c i e n c y  i n  d e t e c t o r  channel 2 ( i n  counts  per 
f i s s i o n )  
vcv 1)  X2 = 1 0.8 ( V = number of n e u t r o m p e r  f i s s i o n )  . 
V 
Eq.(4.1.1) holds  correspondingly a l s o  f o r  an a u t o c o r r e l a t i o n  experi-  
ment i n  which only one d e t e c t o r  channel is used such t h a t  t h e  f i r s t  incoming 
pu l se  a t  T =  0 and t h e  fol lowing pulses ,  which a r e  t o  be t i m e  analysed come 
from t h e  Same d e t e c t o r .  I n  both vers ions of t h e  experiment t h i s  equa t ion  holds  
e x a c t l y  on ly  i f  an experimental s e tup  is used which determines t h e  c o r r e l a t i o n  
f u n c t i o n  by delayed coincidences a s  i n  t h e  ins t rumenta t ion  used by Orndoff [ll]. 
I n  t h e  experiment descr ibed  he re  a d i f f e r e n t  e l e c t r o n i c  system was necessary 
t o  apply because i t  had to be used f o r  measurements of much s lower decay con- 
s t a n t s .  The block diagram is  shown i n  f ig .5 .  
The time ana lyse r  is  a TMC Model CN-110 wi th  Pulsed Neutron Logic 
Unit  212 which has  been s l i g h t l y  modified. The time a n a l y s i s  c y c l e  is s t a r t e d  
i n  t h e  c r o s s c o r r e l a t i o n  experiment by a t r i g g e r  pu l se  from d e t e c t o r  channel 1. 
A l l  pu lses  from channel 1 a r r i v i n g  during t h e  c y c l e  t i m e  a r e  rejected. A f t e r  
a cyc l e  has  been s t a r t e d ,  a l l  pulses  from d e t e c t o r  channel 2 a r e  s o r t e d  i n t o  
t h e  t i m e  channels of t h e  ana lyse r  according t o  t h e i r  t i m e  of a r r i v a l .  Because 
of t h i s  t h e  system ana lyses  on ly  c o r r e l a t i o n s  between S i n g l e  t r i g g e r  pu lses  se- 
para ted  by a t  l e a s t  one c y c l e  t i m e  and s i g n a l  pu lses  from d e t e c t o r  channel 2 
F i g . 5  
Two R o a s i - a  runs on STARK with block diagram of apparatus 
C(nAt) : number of counts 
i n  channel no. n 
N : number of cyclcs 
HV 
Preamplif ier , z 
BF3 ~mplifier-~iscrirn. - scaler t -a 
C Hamner N-361, X-318 
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P, 
w i t h i n  t h e  c y c l e  time. T h i s  l e a d s  t o  a  dependency of A and i n  a  less degree  
a l s o  of a on t h e  e f f i c i e n c y  W1 of d e t e c t o r  channel  1. 
Qnly t h e  f irst t e r m  A e-'T of eq. (4.1.1) r e s u l t s  f  rom c o r r e l a t e d  
eVentS. The second t e r m  B 2s t h e  c o n t r i b u t i o n  due t o  u n c o r r e l a t e d  e v e n t s .  2  
B2 can be cons idered  t o  be background i n  t h i s  experiment.  
B 2  
The f i s s i o n  r a t e  F  can be c a l c u l a t e d  f rom t h e  r a t i o  , 
n 
The e f f i c i e n c y  can  than  be found from (4.1.2). R e a c t i v i t y  v a l u e s  have been - 1 
c a l c u l a t e d  u s i n g  (3.3) wi th  a = 62.9 s e c  from t a b l e  V 1  and t h e  neu t ron  
C 
s o u r c e  S (mainiy due t o  spontaneous f  i s s i o n s  i n  u ~ ~ ~ )  f rom 
0 
Various  exper imental  runs  have been made under t h e  Same l o a d i n g  and 
r e a c t i v i t y  c o n d i t i o n s  s p e c i f i e d  f o r  t h e  o t h e r  exper iments .  The channel  wid th  
chosen was 640 usec  f o r  a l l  runs  wi th  t h e  channel  numbers rang ing  from 32 t o  
/ 
128. The r e s u l t s  a r e  given i n  t a b l e  111. I n  t h e  f i r s t  f o u r  columns a r e  l i s t e d :  
r u n  number, c o n t r o l  p l a t e  s e t t i n g s ,  d e t e c t o r  p o s t i o n s  ( c f . f i g . 1 1 ,  and e f f i c i e n -  
c i e s  e s t i m a t e d  from t h e  neutron f l u x  a t  t h a t  p o s i t i o n  and t h e  r e a c t o r  power and 
t h e  boron c o n t e n t  i n  t h e  coun t ing  tube.  The second p a r t  of t h e  t a b l e  c o n t a i n s  
measured r e s u l t s  f o r  a,  A, and B from which t h e  q u a n t i t i e s  i n  t h e  l a s t  p a r t  of 
2 
t h e  t a b l e  have been c a l c u l a t e d  according t o  eqs . (3 .3 ) ,  (4 .1 .3 ) ,  (4 .1 .2) ,  and 
(4.1.4).  
The s i g n a l  t o  background r a t i o ,  A/B2, is i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  f i s s i o n  r a t e  and t h e  neutron l i f e t i m e  i n  t h e  system. Due t o  spontaneous  
f i s s i o n s  i n  t h e  f a i r l y  l a r g e  amount of u~~~ i n  t h e  c e n t r a l  eone,  t h e  f i s s i o n  
r a t e  was unfavourably  high f o r  t h e  exper iments .  I n  a d d i t i o n  t h e  neu t ron  l i f e -  
t i m e  was long. For  t h e s e  reasons  i t  was d i f f i c u l t  t o  perform Rossi-a-experi-  
ments n e a r  t h e  delayed c r i t i c a l  s t a t e  of t h i s  l o a d i n g  of STARK. The r e s u l t s  of 
runs  1 - 3 a r e  t h e r e f o r e  of poor q u a l i t y  and have been pu t  i n t o  b r a c k e t s .  The 
f a c t  t h a t  o n l y  one t r i g g e r  p u l s e  is accep ted  d u r i n g  one c y c l e  may r e s u l t  i n  
some p r e s e l e c t i o n  of t r i g g e r  coun ts ,  p a r t i c u l a r l y  i f  t h e  t r i g g e r  channel  h a s  a  
h i g h l y  e f f i c i e n t  d e t e c t o r .  From a comparison of r u n  4 w i t h  r u n s  5 and 6 one 
f i n d s  a  n o t i c e a b l e  i n f l u e n c e  of t h e  d e t e c t o r  e f f i c i e n c y  on t h e  s i g n a l  t o  back- 
ground r a t i o ,  s o  t h a t  t h e  d e r i v e d  q u a n t i t i e s  F  and So a r e  t o o  l a r g e  and W is 
2 
t o o  s m a l l  i n  r u n  4. From run  7 and 8 i t  may be  aoncluded t h a t  n o t  o n l y  is t h e  
































































































































































































































































































































































































































































































































































































































































































































































small i n  r u n  7 because of t h e  h igh  e f f i c i e n c y  used i n  t h e  run.  Using t h i s  
t y p e  of a n a l y s i n g  equipment and app ly ing  eq.(4.1.1) t o  t h e  e v a l u a t i o n  of t h e  
measured d a t a ,  t h e  r e s t r i c t i o n  has  t o  be cons idered  which l i m i t s  t h e  e f f i c i e n -  
c y  resp .  coun t ing  r a t e  of t h e  t r i g g e r  channel  t o  va lues  low enough t o  e l i m i n a t e  
t h e s e  e f f e c t s .  The r e s u l t s  of t h e  Rossi-a-experiment a r e  compared t o  t h o s e  of 
t h e  o t h e r  methods i n  t a b l e  V I .  
4.2 A n a l v s i s  of c o u n t i n e  s t a t i s t i c s  
A new exper imental  t echn ique  has  been a p p l i e d  t o  t h e  measurement of 
t h e  d i s t r i b u t i o n  of p r o b a b i l i t i e s  pn(T) f o r  n  d e t e c t o r  c o u n t s  i n  a  s p e c i f i e d  
t i m e  i n t e r v a l  of l e n g t h  T. C o r r e l a t e d  d e t e c t o r  c o u n t s  i n  c h a i n  r e a c t i n g  systems 
a r e  r e s p o n s i b l e  f o r  t h e  dependence of t h e  v a r i a n c e  of t h e  d i s t r i b u t i o n  on reac -  
to r -phys ics  parameters ,  i.e. on t h e  m u l t i p l i c a t i o n  c o n e t a n t  k  and t h e  prompt 
neu t ron  decay c o n s t a n t  a ,  a s  w e l l  a s  on t h e  d e t e c t o r  s e n s i t i v i t y ,  W .  I n  o t h e r  
words t h e  main purpose of t h i s  technique is t o  de te rmine  t h e  d e v i a t i o n  of t h e  
coun t ing  s t a t i s t i c s  from Poisson ' s  law. 
- 
An exper imental  s e t u p  was b u i l t  f o r  t h e  d i r e c t  measurement of t h e  
p r o b a b i l i t i e s  p  ( T ) ,  where n  can range from 0 t o  127. T h i s  p r o b a b i l i t y  d i s t r i -  n 
b u t i o n  a n a l y s e r  1241 is s c h e m a t i c a l l y  shown i n  f  ig.6.  The o p e r a t i n g  p r i n c i p l e  
is  a s  fo l lows :  Pu l ses  from one o r  more d e t e c t o r s  a r e  f e d  i n t o  t h e  i n p u t  A of 
a  f as t  a c t i n g  e l e c t r o n i c  s t e p  swi tch ,  which proceeds by one s t e p  f o r  each i n -  
coming pu l se .  Pu l ses  from a  t ime marker t e r m i n a t i n g  t h e  l e n g t h  T  of t h e  t ime  
i n t e r v a l  a r e  f e d  i n t o  i n p u t  B. According t o  t h e  p o s i t i o n  of t h e  e l e c t r o n i c  
s w i t c h ,  a  g a t e  is opened f o r  t h e  t i m e  p u l s e  which g i v e s  a  s i g n a l  t o  t h e  s c a l e r  
connected t o  t h i s  ou tpu t .  I f ,  f o r  i n s t a n c e ,  4 coun ts  came i n  d u r i n g  t h e  i n t e r -  
v a l ,  o u t p u t  4 of t h e  s w i t c h  Opens g a t e  4  s o  t h a t  t h e  p u l s e  from t h e  t i m e  marker 
d e l i v e r s  a  s i g n a l  i n t o  s c a l e r  4. Thus 4  coun ts  have been r e g i s t e r e d  d u r i n g  
t h i s  t i m e  i n t e r v a l .  The s t e p  s w i t c h  is reset and t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
a n a l y s e r  is opened f o r  a  new c y c l e .  A f t e r  a  s u f f i c i e n t l y  l o n g  t i m e  t h e  run  f o r  
one T-value is f i n i s h e d  and t h e  p r o b a b i l i t i e s  p (T) a r e  o b t a i n e d  d i r e c t l y  by 
n  
d i v i d i n g  t h e  number of coun ts  i n  s c a l e r  n, 
'n' 
by t h e  number of coun ts  i n  t h e  
t i m e  i n t e r v a l  s c a l e r ,  CT, g i v i n g  - 
The performance of t h e  a n a l y s e r  is checked by t h e  monitor s c a l e r ,  because  t h e  
r e l a t i o n  
must be s a t i s f i e d  f o r  t h e  number of c o u n t s  i n  t h e  moni tor  s c a l e r ,  CM. An 
a d d i t i o n a l  check is g iven  by 
From t h i s  d i s t r i b u t i o n  of p r o b a b i l i t i e s  p  (T) t h e  f o l l o w i n g  mean va l -  n  
u e s  may be computed: 
- 00 
n (T) = C pn(T) *n  (4.2.4) 
n = l  
- 
2 00 2 
n (T) = Z pn(T) On 
n = l  
- 2 00 00 
n(n-1) (T) - n (T) = C pn(T) *n(n-1) - 
n=2 
(4.2.6) 
A s  has  been shown e a r l i e r  [14,15,23]  i n  t h e  p o i n t  r e a c t o r  model approx- 
imat ion ,  t h e  e q u a t i o n  t o  c a l c u l a t e  t h e  r e a c t o r  phys ics  parameters  1s g i v e n  by 
- 2 - - 




T a l  (fl) 
w i t h  t h e  symbols d e f i n e d  a s  i n  s e c t i o n  4.1. 
The numerator on t h e  l e f t  hand s i d e  c o n t a i n s  t h e  d i f f e r e n c e  between -
-2 
t h e  measured v a r i a n c e  (n2 - n ) and t h e  v a r i a n c e  of a POISSON d i s t r i b u t i o n ,  
which is equa l  t o  G. A rearrangement  of t h i s  e q u a t i o n  l e a d s  t o  a n  e q u i v a l e n t  
f  o rmula t ion  
" z 
n(n-1) (T) -G (T) k Z  [ I -  1 - e  
Y(T) = - = W 9 X 2  2  -aT ] (4.2.7b) 
n(T) ( 1-kp) crr 
which h a s  been used f o r  t h e  e v a l u a t i o n  of t h e  exper imenta l  r e s u l t s .  
T h i s  e x p r e s s i o n  c o n s i s t s  of two d i s t i n c t  terms. The second one w i t h i n  
t h e  b r a c k e t s  approaches u n i t y  f o r  T -, CD. From t h e  f i r s t  one,  which n e a r  t h e  
de layed  c r i t i c a l  s t a t e  1s a l s o  given by 
t h e  e f f i c i e n c y  W can be  c a l c u l a t e d  i f  ac, a,  and ß a r e  known. The a b s o l u t e  
f  i s s i o n  r a t e  f ol lows f  rom 
C 
F = ;  
where C 1s t h e  coun t ing  r a t e  i n  t h e  experiment.  The neutron s o u r c e  s t r e n g t h  S 
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The experiments were performed U-nder the Same loading and reactivity 
conditions as with the other methods described in this Paper. The various ex- 
perimental runs are listed in table IV. For each run different time intervals 
were chosen so that several probability distributions were measured, from which 
5 
Y(T) could be calculated. To assure good statistical accuracy at least 10 
counts have been analysed for each distribution. The Y(T)-curves for three 
runs listed in table IV are shown in fig.7. The quantities a and Yoo were com- 
puted from these curves by a least Squares fit. These results, as well as the 
calculated efficiency W, fission rate F and source strength So, are given in the 
table, 
Measurements could not be made at delayed critical because of small 
reactivity and power changes with time due to the temperature coefficient in 
the heated thermal core section. The results obtained for the fission rates 
are in good agreement with the foil activation measurements which were used to 
calibrate the reactor instrumentation. The values found for the source strength 
So> 
which should be a constant for all runs, agree within +10%. A comparison 
with the results of the other techniques is given in table VI. 
4.3 Freauencv analvsis of reactor noise 
In this experiment the observation of correlated events is performed 
in the frequency domain by analysing the fluctuations of ion-chamber currents. 
This can be done by a single-detector-experiment (autocorrelation) or by the 
more flexible two-detector-experiment (crosscorrelation). The block diagram 
is shown in fig.8. The fundamental equations, derived from the common theoreti- 
cal basis [23] , are given in the point reactor and high frequency approximation 
(no delayed neutrons) by - 
r2(udu) 
APSD = -2 = W*F*q 
r (W Jw) 
for the autocorrelation-experiment and by 
r *r h Aw) 1 2  *W *X k2 
CPSD = = 9 .q .F . W1 2 2 
2 2  2 (4.3.2) r (Whw) i ( a + w )  
for the crosscorrelation-experiment. The symbols W, F, X2, k, 1 and a were al- 
ready defined in section 4.1. The others are 
APSD = auto-power-spectral-density 
CPSD = cross-power-spectral-density 
rn = chamber current (chamber n) 
O0 du' 
r(WJW)= band width of f ilters = Re / FB~uL)') B2(-w1) 
0 
Bn(U) = frequency characteristic of filter n 
W = 2lTf = angular f requency 
AW = frequency interval - 
qn = average charge per detected neutron 
R - q2 - ZZ 
q 
From a comparison of eqs.(4.3.1) and (4.3.2) it can be Seen that the contribu- 
tion due to uncorrelated noise (first term on the right hand side of eq.(4.3.1)) 
is not present in the cross-correlation experiment. This is a specific feature 
of the two-detector-experiment and is particularly important in all cases where 
the uncorrelated contribution is relatively large. The expression for the fis- 
sion rate F is particularly simple if the experiment is performed in the low 
f requency range ( W <Ca) . In this case 
where 
- 
is the mean current of the ion chamber n. If F has been calculated, -W is 
'n n 
easily found from eq.(4.3.4). 
The block diagram of the experimental setup used for the Cross- and 
autocorrelation measurements is shown in fig.8. The current fluctuations of 
the ion chambers (Type RC 6) are amplified in electrometer amplifiers (Keith- 
ley 603) and fed into bandpassfilters (Krohn Hite 330 M). The filter output 
signals are multiplied (in a two-detector-experiment) or squared (in a single- 
detector-experiment) and integrated for a specified time T with analogue com- 
puting equipment (Pace TR 10) to give the mean value. The integrated voltage 
was converted into a digital form by use of an analog-to-digital converter 
(Dymec 2210) and a normal pulse scaler. 
Several experimental runs have been made under the specified loading 
condition (cf. section 2) in the autocorrelation and crosscorrelation version 
of the method. The results of characteristic examples are listed in table V. 










































































































































































































































































































































































Power Spectrnl D e n s i t y  
f o r  s i n g l e - d e t e c t o r  (üppci c u r v e )  
and Pwo-dctector-expei-imcnt (1ou.c;- curve) 
ionisation electrorneter band multiplier analog - scaler 
chamber amplifier filter and integrator to- digi tal 
converter 
The prompt neu t ron  decay c o n s t a n t  a was determined by a l e a s t  Squares  f i t  from 
t h e  measured power s p e c t r a l  d e n s i t y  v e r s u s  f requency curves .  Two examples, one 
f o r  an  a u t o c o r r e l a t i o n  (upper curve)  and one f o r  a c r o s s c o r r e l a t i o n  measurement 
( lower  c u r v e ) ,  a r e  shown i n  f i g . 9 .  The advantage of t h e  two-detector-experi-  
ment is c l e a r l y  Seen from t h e  curves .  The a b s o l u t e  f i s s i o n  r a t e  F was ca lcu-  
l a t e d  u s i n g  eq.(4.3.3). The comparison t o  t h e  r e s u l t s  found by f o i l  a c t i v a -  
t i o n ,  w i t h  which t h e  r e a c t o r  i n s t r u m e n t a t i o n  was c a l i b r a t e d ,  shows t h a t  some- 
what l a r g e r  v a l u e s  were ob ta ined  by t h e  f requency  a n a l y s i s  technique.  The v a l -  
ues  f o r  W and w2q2 a r e  a l s o  l i s t e d  f o r  comparison. Measurements more sub- 
1 1  
c r i t i c a l  t h a n  i n d i c a t e d  i n  t h e  t a b l e  could  no t  be performed because of i n t e r -  
f e r i n g  e f f e c t s  i n  t h e  e l e c t r o n i c  system. The r e s u l t s  ob ta ined  by t h i s  t echn ique  
a r e  compared w i t h  t h e  o t h e r  r e s u l t s  i n  t a b l e  V I .  
5. Comparison of r e s u l t s  and conc lus ions  
The comparable r e s u l t s  of t h e  d i f f e r e n t  methods a r e  l i s t e d  i n  t a b l e  V I .  
The a-values  have been averaged i f  more than  one r u n  has  been made under t h e  
Same c o n d i t i o n s  o r  i f  no d i f f e r e n c e s  were found f o r  v a r i o u s  d e t e c t o r  p o s i t i o n s .  
The i n d i v i d u a l  numbers a r e  found i n  t a b l e s  I - V. For  t h e  c a l c u l a t i o n  of reac -  
t i v i t y  f rom a and a t h e  pulsed neu t ron  r e s u l t s  have been t aken  f o r  s i m p l i c i t y  
C 
t o  compare r e a c t i v i t y  v a l u e s  wi th  t h e  rod drop- o r  cont inuous  run-data.  
The comparison of measured prompt neu t ron  decay c o n s t a n t s  i n  t a b l e  V 1  
shows good agreement between t h e  f o u r  methods i n  g e n e r a l .  From t h e  delayed c r i -  
t i c a l  s t a t e  (I) t o  t h e  c o n t r o l  p l a t e  c o n f i g u r a t i o n  I11 t h e  r e s u l t s  a g r e e  w e l l  
w i t h i n  t h e  e r r o r  l i m i t s  of about  +3%. For  c o n f i g u r a t i o n  IV and p a r t i c u l a r l y  - 
f o r  V 1 1  w i t h  d e t e c t o r  p o s t i o n  22 t h e  d i sc repancy  between t h e  pulsed s o u r c e  and 
c o u n t i n g  s ta t is t ics  d a t a  amounts up t o  18%. T h i s  might be due t o  t h e  i n c l u s i o n  
of h i g h e r  harmonics c o n t r i b u t i o n s  i n  t h e  d a t a  of t h e  coun t ing  s t a t i s t i c s  analy-  
sis i f  on ly  one d e t e c t o r  p o s i t i o n  (22) is used i n  t h i s  system. T h i s  explana- 
t i o n  is suppor ted  by t h e  f a c t  t h a t  t h e  agreement w i t h  t h e  pu l sed  s o u r c e  d a t a  
is w i t h i n  2% i f  s e v e r a l  d e t e c t o r s  - d i s t r i b u t e d  p r o p e r l y  i n  t h e  sys tem - were 
used.  The r e a s o n  f o r  t h e  appearance of such  d i s c r e p a n c i e s  l ies i n  t h e  f a c t  
t h a t  i n  t h e  pulsed neutron s o u r c e  t echn ique  c o n t r i b u t i o n s  of h i g h e r  harmonics 
a r e  e l i m i n a t e d  by exc lud ing  t h e  f i r s t  p a r t  of t h e  n ( t ) -curve  when a is d e t e r -  
mined from t h e  exponen t ia l  s l o p e .  I n  t h e  a n a l y s i s  of coun t ing  s t a t i s t i c s ,  on 
t h e  o t h e r  hand, a l l  h i g h e r  harmonics e f f e c t s  a r e  included i n  t h e  Y(T)-curve 
f rom which t h e  prompt neutron decay c o n s t a n t  is d e r i v e d .  

From t h e  comparison of t h e  r e s u l t s  t h e  prompt neu t ron  decay c o n s t a n t  
seems t o  be t h e  l e a s t  a f f e c t e d  by d e t e c t o r  p o s i t i o n  i n  a  m u l t i  r e g i o n  react0r 
System w i t h  S p e c i a l  geometry l i k e  STARK. The comparison w i t h  t h e  o t h e r  quan- 
t i t ies d e r i v e d  from t h e  pulsed s o u r c e  t echn ique  showed a  much s t r o n g e r  dependen- 
c y  i n  t h i s  r e g a r d ,  i n d i c a t i n g ,  a s  expected t h a t  space  independent models cannot  
be a p p l i e d  t o  systems wi th  l a r g e  r e f l e c t o r s .  
A f e w  remarks may be added t o  t h e  a p p l i c a b i l i t y  of t h e  d i f f e r e n t  
t echn iques  t o  determine t h e  prompt neu t ron  decay c o n s t a n t  from t h e  r e s u l t s  ob- 
t a i n e d  w i t h  load ing  1 of STARK. From delayed c r i t i c a l  t o  about  -0.5 $ s u b  de- 
layed c r i t i c a l ,  i n  t h e  pulsed neutron t echn ique  e x a c t  c o r r e c t i o n s  f o r  t h e  t i m e  
dependent background due t o  delayed neu t rons  and e v e n t u a l l y  a  spontaneous fis- 
s i o n  s o u r c e  a r e  important  f o r  t h e  e v a l u a t i o n  of t h e  d a t a .  I n  t h i s  r e a c t i v i t y  
range  t h e  Rossi-a-technique is d i f f i c u l t  t o  app ly  i n  thermal sys tems w i t h  
s t r o n g  s o u r c e s  because  of t h e  small signal-to-background r a t i o  caused by t h e  
l o n g  l i f e t i m e  and t h e  r e l a t i v e l y  l a r g e  f i s s i o n  rate. No d i f f i c u l t i e s  e x i s t  f o r  
t h e  a n a l y s i s  of coun t ing  s t a t i s t i c s  near  and a t  delayed c r i t i c a l  i f  t h e  power 
is s u f f i c i e n t l y  s t a b l e .  Such is no t  t h e  c a s e  i n  STARK a t  delayed c r i t i c a l  and 
a t  low power l e v e l  (necessa ry  f o r  moderate coun t ing  r a t e s )  because of tempera- 
t u r e  e f f e c t s .  Very r e l i a b l e  r e s u l t s  i n  t h i s  r ange  can be ob ta ined  from t h e  
f requency a n a l y s i s  of n 0 i s e  wi thout  any c o r r e c t i o n s .  D i f f i c u l t i e s  a r o s e ,  how- 
e v e r ,  below -0.5 $ with  t h i s  t echn ique  which are n o t  of fundamental  n a t u r e  and 
cou ld  be overcome by u s e  of o t h e r  equipment. A l l  o t h e r  methods worked w e l l  be- 
low -0.5 $ t o  about  -3 $. I n  t h e  more s u b c r i t i c a l  s t a t e s  t h e  e f f e c t s  of h i g h e r  
harmonics have t o  be t a k e n  i n t o  c o n s i d e r a t i o n ,  p a r t i c u l a r l y  i n  t h e  c a s e  of t h e  
pu l sed  s o u r c e  n(  t) -curves . 
Acknowledgement 
The a u t h o r s  a p p r e c i a t e  t h e  h e l p  and c o o p e r a t i o n  g iven  by Dr.W.Eyrich 
i n  c o n s t r u c t i n g  and o p e r a t i n g  t h e  pulsed neutron source .  They a l s o  wish t o  
thank M r .  H,Borgwaldt f o r  s t i m u l a t i n g  d i s c u s s i o n s  and h e l p  i n  w r i t i n g  a w r i l i a -  
r y  computer codes.  The a u t h o r s  a l s o  acknowledge t h e  Support  g iven  by t h e  
o p e r a t i n g  s t a f f  of t h e  STARK-reactor, i n  p a r t i c u l a r  M r .  C.Briickner. 
Ref e r e n c e s  
MEISTER, H., BECKURTS , K .H. , HÄFELE , W., KÖHLER, W .H., arid m, K , 
KFK-Report No. 217 (1964) . 
SIMMONS, B.E. and KING, J.S., Nucl. S c i e n c e  and Eng. 3 (1958) 595-608. - 
SJÖSTRAND, N.G., Ark iv  f o r  F y s i k  - 11 (1956) 233-246. 
GOZANI, T., Nukleonik - 4 (1962) 348/349. 
GARELIS, E. and RUSSELL, J.L. Jr., Nucl. Sc ience  and Eng. 1 6  (1963) -
263-270. 
GARELIS, E., Nucl. Sc ience  and Eng. 18 (1964) 242-245. -
GARELIS, E., Nucl. Sc ience  and Eng. 19 (1964) 131-133. 
LEWINS, J., Nucl. Sc ience  and Eng. 7 (1960) 122-126. - 
EYRICH, W. and SCHMIDT, A. ,  SM 62/4. 
CARPENTER, S.G., AI-8549, V (1963).  
ORNDOFF, J . D . ,  Nucl. S c i .  and Eng. - 2 (1957) 450. 
BRUNSON, G.S., CURRAN, R. e t  a l . ,  Nucleonics 1 5 ,  No. 11 (1957) 132. -
BORGWALDT, H . ,  SANITZ, D., Nukleonik - 5 (1963) 239. 
BENGSTON, J., 2nd Geneva Conf. 1 2  (1958) 63. -
ALBRECHT, R.W., Nucl. S c i .  and Eng. 1 4  (1962) 153. -
ZOLOTUKHIN, V.G. and MOGILNER, A . I . ,  Atomnaya Energiya 15 (1963) 11. 
MOORE, M.N., Nucl. S c i .  and Eng. 6 (1959) 448. - 
COHN, C.E., Nucl. Sei. and Eng. 7 (1960) 472. 
BENNETT, E.F., Nucl. S c i .  and Eng. 8 (1960) 53. - 
GRIFFIN, C.W., RANDALL, R.L., Nucl. S c i .  and Eng. - 15 (1963) 131. 
SCHRÖDER, R. ,  Nukleonik 4 (1962) 227. - 
SCHULTZ, M.A., Symp. on Noise A n a l y s i s  i n  Nucl. Systems, TID 7679 
(1964) 135. 
BORGWALDT, H. ,  STEGEMANN, D., Nukleonik i n  p r e s s .  
STEGEMANN, D.,  T0 be publ ished.  
L i s t  of f i g u r e s  and t a b l e s  
F i g  .l 







F i g  .9 
Schematic Cross s e c t i o n  of STARK wi th  d e t e c t o r  pos i t i ons .  
Decay curve f o r  conf igura t ion  I ,  Pos i t i on  12. 
y V S .  <I/aC - 1 f o r  d i f f e r e n t  d e t e c t o r  pos i t i ons .  
- 1 vs. '/U, - 1 f o r  d i f f e r e n t  d e t e c t o r  pos i t i ons .  
Tao Rossi-a runs on STARK with block diagram of apparatus .  
Schematic diagram of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  ana lyse r ,  
Y(T)-curves from t h e  ana lys i s  of count ing s t a t i s t i c s .  
Block diagram f o r  measurement of Cross-Power Spec t r a l  Density.  
Power Spec t r a l  Density f o r  s i ng l e -de t ec to r  (upper curve) and 
two-detector experiment (lower curve) 
P Table I Experimental r e s u l t s  f o r  decay cons t an t  a ,  r e a c t i v i t y  (-) 13 s' 
and t h e  r a t i o  G /G 
P d '  
Table  I1 Experimental r e s u l t s  ß/A found from eqs.(3.5) and (3.6).  
Table  I11 Resu l t s  of t h e  Rossi-a-experiments, 
Table  I V  Resu l t s  of t h e  a n a l y s i s  of count ing s t a t i s t i c s .  
Table  V Resu l t s  of f  requency a n a l y s i s  measurements . 
Table V 1  Comparison of r e s u l t s .  
